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This paper presents the methodology and results of comprehensive three-dimensional finite element analyses which were performed to 
assess the potential impacts of tunneling under an existing subway tunnel as well as potential impact of tunneling under an existing 
bridge. The finite element models took into account all relevant components of the construction process including the soil behavior, 
shield tunneling, precast concrete segmental lining and the tail void grouting. The models also accounted for stage construction and 
detailed shield-driven tunnel boring machine (TBM) processes including applying balancing face pressure as well as injecting 
bentonite slurry through the TBM shield. This study has demonstrated that the predicted tunneling-induced impacts on the existing 





The main goal of this paper is to present the geotechnical 
challenges posed in designing an underground light rail transit 
project in downtown Los Angeles and explain methodology 
and geotechnical solutions proposed to economically meet 
these challenges. The project known as Regional Connector 
Transit Corridor (RCTC) is one of the capital projects 
envisioned to expand the public transportation in the city of 
Los Angeles. The preliminary design phase included 
approximately one mile long 22-ft diameter twin TBM tunnels 
in soft ground supported by precast concrete segmental lining, 
three cut-and-cover stations and one mined crossover cavern. 
The alignment will be connecting two existing subway lines 
currently terminated in the downtown. The proposed 
connection increases the seamless reach of public 
transportation through linking existing lines at the same time 
providing local access to downtown area via new stations. 
 
Designing a transit facility in currently congested downtown 
area brought a collection of design challenges into the picture. 
The geometrical constraints of connecting two existing 
stations and cost reduction considerations demanded setting up 
the alignment in close proximity to existing buildings, 
structures, and utilities. For example: 1) the proposed 
alignment passed under an existing operational underground 
subway line within few feet of vertical separation between 
tunnels. Raising the proposed alignment so close to the 
existing tunnel allowed reducing the depth of the adjacent cut 
and cover stations and hence reducing construction costs. 2) 
the proposed alignment passed under a bridge in proximity of 
piles which are supporting the piers of the bridge structure. 
The tunnel located within few feet from the piles.  
 
Three dimensional finite element models developed to ensure 
the minimal impact of tunneling on the adjacent structures. 
For tunnel crossing under the existing Red Line, it was shown 
that developed forces and deformation in the lining of the 
existing tunnel did not exceed the allowable limits. For the 
case of piles supporting the bridge, the adequacy of load 
carrying capacity and structural integrity of piles during and 
after construction of tunnels were ensured. Three dimensional 
models accounted for stage construction and detailed shield-
driven TBM processes including applying the earth balancing 
face pressure as well as injecting bentonite slurry through the 
TBM shield. In this paper, the methodology and modeling 
approach for tunnel crossing under the Red Line tunnels and 
under the 4th Street Bridge will be discussed      
 
In addition, the project involved three deep cut and cover 
stations and one sequentially excavated mined crossover 
cavern. Three dimensional finite element models provided 
insights into potential impacts on adjacent buildings due to cut 
and cover or underground mining. Based on the finite element 
results, building protection measures and monitoring plans 
were designed. 
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The finite element models took into account all relevant 
components of the construction process including the soil 
behavior, shield tunneling, precast concrete segmental lining 
and the tail void grouting. The objective of this paper is to 
present the methodology and results of comprehensive three-
dimensional finite element analyses which were performed to 
assess the potential impacts of tunneling under an existing 
subway tunnel - Red Line Tunnels in the City of Los Angeles- 
as well as tunneling under 4
th
 Street bridge. The findings of 
this study formed the basis of recommendation to design the 
proposed Regional Connector Transit Corridor (RCTC) bored 
tunnel profile in order to achieve a more cost-effective design 
and also mitigate the potential impacts of tunneling-induced 
ground movements on the existing structures. 
 
The profile was raised such that the vertical separation 
between the invert of Red Line tunnel and crown of the RCTC 
tunnel reduced to only about a quarter of the diameter of 
tunnels. The original proposed vertical profile of the RCTC 
TBM-bored tunnels indicated a minimum of approximately 
half of diameter of tunnels for vertical separation between the 
proposed bored tunnels and the existing Red Line Tunnels. 
Provision of this minimum distance was the governing 
criterion for the proposed profile elevation at this location 
during the early stage of the preliminary design phase. The 
proposed tunnel profile elevation at this location, however, is 
one of the determining factors in defining the bottom elevation 
of the adjacent station structure as required by the 
compatibility of the bored tunnel and station invert elevations. 
It is evident that reducing the vertical separation between the 
proposed RCTC tunnels and the existing Red Line Tunnels 
would allow raising the proposed tunnel vertical profile and 
thereby, result in a reduction in the volume of station cut-and-
cover excavation. As a result, it was decided to investigate the 
possibility of reducing the minimum separation to 
approximately a quarter of tunnel diameter at the expense of 
adopting controlled shield driven tunneling to maintain the 
uninterrupted serviceability of Red Line subway. Earth 
pressure balance (EPB) shield tunneling was proposed for 
mining of the RCTC tunnels. 
 
Red line tunnels were built during late 1980’s and early 
1990’s. They consist of twin single-track tunnels with 
excavated diameter of about 22 ft and variable pillar width 
between the openings from 13 to 24 ft. The tunnels were 
excavated using open-face circular shield equipped with a 
mechanical digger on a rotating arm. The shield was intended 
to support the ground and allow installation of supports. 
Tunnel support comprised a two-pass lining; steel rings spaced 
at 4 ft on center along with wood lagging were used as initial 
support and a steel reinforced 12 inch thick cast-in-place 
concrete adopted as final lining. Final lining was cast after 
completion of the tunnel excavation. 
 
This paper presents the results of a numerical study which was 
conducted using advanced three-dimensional numerical 
analysis approach to assess the impact of tunneling-induced 
ground movements on the Red Line Tunnels resulting from 
raising the proposed bored tunnel vertical profile. Also, the 
results of a three-dimensional finite element model to assess 
the impact of tunneling on the piles of the existing 4th Street 
Bridge are presented. The piers and columns of the bridge are 
resting on deep foundations including piles and caissons. The 
proposed profile of the RCTC TBM-bored tunnels at 4th 
Street Bridge indicated a minimum of 2.5 feet separation 
between the future tunnels and the existing piles. 
 
 
GEOLOGY AND SUBSURFACE INVESTIGATION 
 
The proposed Metro RCTC alignment is located in the 
northern portion of the Los Angeles Basin. This basin is a 
major elongated northwest-trending structural depression that 
has been filled with sediments up to 13,000 feet thick since 
middle Miocene time. On a local geologic scale, the alignment 
would traverse the southeastern end of the Elysian Park Hills 
and the ancient Los Angeles River floodplain. The Elysian 
Hills comprise the low-lying hills west of the Los Angeles 
River and southeast of the eastern end of the Santa Monica 
Mountains. 
 
The alignment would encounter several geologic units that 
range in age from Pliocene to recent. The geologic units that 
would be encountered within the proposed tunnel alignment 
and station boxes are the Pliocene-age sedimentary strata of 
the Fernando Formation, Holocene to probable Late 
Pleistocene Alluvium, and historical/recent artificial fill. 
Artificial fill has been placed at various locations along the 
alignment such as utility trench backfills, structure backfills, 
roadway embankments, and areas overlying both existing and 
abandoned tunnels. Holocene to probable late Pleistocene -age 
Alluvial deposits are present along the alignment beneath 
variably thick artificial fill. Overlying the Fernando Formation 
are alluvial deposits comprised primarily of inter-layered 
clays, silts, fine sands, and sand layers containing variable 
gravel and cobbles. Coarser grained alluvium comprised of 
poorly to well-graded sand with variable gravel and cobble 
content was reported in the lower portion of the alluvium 
above the Fernando Formation. Pliocene-age, sedimentary 
bedrock was mapped along portions of the alignment. The 
Fernando Formation is comprised predominantly of massive 
siltstone, with some interbeds of sandstone and conglomerate 
and well-cemented, fine-grained silty sandstone. Bedding dip 
inclinations range from approximately 70 to 75 degrees with 
dip vectors that range from N168 to N191. 
 
The RCTC project alignment is located within the Los 
Angeles Forebay Area. Groundwater in the Los Angeles 
Forebay occurs primarily in the Quaternary age sediments. 
This is due to the relatively low permeability of the underlying 
bedrock of the Fernando Formation. Aquifers in the Los 
Angeles Forebay area include the Semi-perched, the Gaspur, 
the Exposition, the Gardena, and the Gage. Because bedrock is 
relatively shallow and the water-bearing sediments are 
relatively thin along the majority of the alignment, only the 
Semi-perched aquifer is present in the project area. The Semi-
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perched Aquifer generally consists of the older sediments 
(Pleistocene age) and locally the younger sediments 
(Pleistocene age) overlying the bedrock, whereas the Gaspur 
Aquifer consists of the coarser-grained younger sediments in 
channel areas. A groundwater level contour map of the Los 
Angeles Quadrangle indicates groundwater depths ranged 
from historical highs of about 20 to 50 feet below ground 
surface east of the Bunker Hill area with a general southward 
gradient. It should be noted that shallow groundwater levels 
are typically influenced by seasonal rainfall and infiltration in 
addition to potential localized groundwater extraction. 
 
 
FINITE ELEMENT MODELING APPROACH 
 
The complex and dynamic nature of shield-driven tunnel 
excavation, staged construction, segmental lining installation 
process, tail void grouting, and hydro-mechanical coupling in 
the surrounding ground preclude the use of traditional two-
dimensional numerical analysis tools for modeling the ground 
behavior and structural response for this particular project. 
Therefore, three-dimensional, non-linear modeling approach, 
using state-of-the-art analysis program Midas Geotechnical & 
Tunneling Analysis System, MIDAS/GTS (2011) was adopted 
to evaluate the ground response and impact of tunneling on 
existing adjacent structures. 
 
During the past three decades, a vast amount of effort has been 
expended to numerically simulate the shield-driven TBM 
tunneling processes and construction operation to accurately 
estimate the induced ground settlement. Among the latest 
attempts, Kasper and Meschke (2004) developed a three-
dimensional finite element model to study the influence of the 
soil and grout material properties and the cover depth on the 
surface settlements, loading and deformation of the tunnel 
lining and steering of the TBM. They modeled the TBM as a 
rigid movable body in frictional contact with soil. Their 
simulations employ a two-field finite element formulation to 
solve the strain field and pore-water pressure in soil and grout 
materials. Based on a number of parametric studies, Kasper 
and Meschke (2006) concluded that: 1) strength characteristics 
and the overconsolidation ratio are major factors influencing 
the soil deformation in the vicinity of the shield machine and 
surface settlements, 2) for soils with a high permeability, 
larger final settlements observed only after full consolidation 
was observed, and 3) the cover depth of the tunnel is the most 
important factor in determining the forces developed in the 
lining.        
 
The adopted 3D analysis approach allowed modeling the 
entire geometry of tunnel and excavation staging in order to 
evaluate the full impact of excavation progression on existing 
structures. 
 
Geometry and Mesh Generation 
 
The perimeter of all excavations was imported via DXF 2D 
(Wireframe) files from CAD drawings. Once DXF files had 
been imported, each wireframe was maneuvered into position 
based on the plan dimensions provided on the tunnel 
drawings. The extent of the model usually includes a region 
which extends 2.5 times the tunnel diameter beyond tunnels in 
each direction. The size of the model was determined in such a 
way to minimize the boundary effects on the analysis results 
while allowing the analysis to be performed efficiently. In 
order to model the ground terrain, several points on the 
estimated top of rock and ground surface were determined 
based on the available geotechnical information. 
 
The finite element mesh consisting of tetrahedron solid 
elements was automatically generated and a check was made 
to ensure nodal connectivity between adjacent faces 
throughout the model. When generating the mesh for RCTC 
bored tunnels, special attention was paid to the mesh element 
size in specific areas such as the rock mass region between 
RCTC and Red Line tunnels. A small element size of 2 ft was 
used in the vicinity of the tunnels. In other areas with less 
importance in the rock or soil, the maximum element size was 
increased to 10 ft. 
  
Careful consideration was also given to the naming of the 
mesh sets. By assigning a numerical naming system to each 
mesh set in an excavation sequence, one can use the special 
stage definition tool provided by the software when generating 
construction stages, which easily excavates out sets according 
to numbering. This method is much less labor-intensive for 
activating and deactivating mesh sets in different stages, 
especially in models where there can be up to 90 construction 
stages. 
 
Procedure for Modeling EPB TBM 
 
Applying excavation face pressure and shield bentonite slurry 
pressure, installing segmental rings, and tail void grouting are 
among features that were considered in the analysis in order to 
allow an accurate simulation of the EPB tunneling operations. 
The TBM excavation advances were modeled in 5 ft intervals 
which is the length of segmental rings. The most recent face of 
excavation was immediately pressurized after excavating each 
drift in order to reduce the settlement in front of the face. The 
face pressure was assumed to be constant for ease of 
application. The applied balancing face pressure was set equal 
to the horizontal insitu stress at the centerline of the RC 
tunnel. 
 
In order to model the conical shield support, compression-only 
gap elements were used to model the conical shield and the 
variable gap between the ground and the shield. The 
maximum gap was considered to be 3 inches at the tail of the 
shield. The length of the shield was assumed to be 15 ft which 
is equal to three drifts with 5 ft in length. Bentonite slurry 
pressure was applied through length of the shield, i.e. 15 ft 
behind the face. This slurry pressure prevents the soil from 
moving in and reduces the volume of ground loss and 
consequently reduces the ground deformation and settlement. 
For sensitivity analysis, a range of bentonite slurry pressure 
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values were applied in this study. The slurry pressure values 
considered include a percentage of the mean in-situ vertical 
and lateral stresses at the center of tunnel. By increasing 
bentonite slurry pressures, the crown deflection of RCTC 
tunnels as well as ground convergence would decrease. 
Theoretically, there is a pressure at which the settlement 
would completely diminish. Pressures in excess of this value 
would result in heaving of the surrounding ground.     
 
Pre-cast concrete segmental rings were installed behind the 
shield. The first 5 ft behind the shield representing the ring 
under installation was assumed without any support; however, 
prior rings installed provide full support to the excavation. In 
addition, the thickness of the segments was assumed to be 10 
inches along with 2 inches of hardened backfill grout was 
considered in the model. A reduction factor of 0.80 was 
applied to the flexural stiffness of the rings to account for the 
effects of segment joints as suggested in Lee et al. (2001). 
 
The in-situ stresses were initialized through prescribing at-rest 
lateral pressure coefficient. Surcharges due to existing 
buildings were applied as distributed loads on the soil during 
the initialization stage. All displacements were reset to zero in 
the initial stage. The three-dimensional analysis was 
performed by implementing the Construction Stage Stress-
Strain Analysis. Mohr-Coulomb failure criterion was adopted 
for rock behavior. The displacement degrees of freedom at the 
bottom face of the model were fixed in all directions; 
however, only out-of-plane displacements were fixed on the 
four side faces of the model. 
 
 
CROSSING UNDER AN EXISTING TUNNEL 
 
The proposed alignment passed under an existing operational 
underground subway line within few feet of vertical separation 
between tunnels. Three dimensional finite element modeling 
employed to evaluate the settlement under the existing tunnel. 
The geometry of the tunnel crossing is shown in Fig. 1. The 
vertical separation between the RCTC and Red Line tunnels 
was set at five feet after raising the proposed RCTC tunnel 
vertical alignment to reduce excavation volume of neighboring 
stations. 
 
The additional stresses and strains induced in the Red Line 
tunnel lining as a result of RCTC tunnel excavation, were 
calculated as the difference between the lining stresses/strains 
determined after the completion of Red Line tunnels and those 
obtained after completion of the RCTC tunnel construction. 
The construction sequences of Red Line tunnels were modeled 
in order to obtain a realistic evaluation of existing stress in 
tunnel linings before commencing RCTC tunnel construction. 
As such, the Red Line tunnels were excavated one at a time in 
16 ft drifts. CIP concrete linings were installed after finishing 
the excavations. After installing liners of Red Line tunnels, 









In total, 98 construction stages were defined in the model to 
represent the construction processes of Red Line and RCTC 
tunnels. Construction stages from 1 to 22 designated stages for 
constructing Red Line tunnels, while stages 23 to 98 
represented RCTC construction. The construction operations 
for the existing Red Line tunnels are simulated by end of stage 
22. In this stage the Red Line tunnels are bored and the cast in 
place concrete lining is installed. The displacements after 
implementing stage 22 are reset to zero and the principal 
tensile and compressive stresses are recorded in order to be 
compared with the results obtained from the final stage of 
RCTC construction. 
  
The induced principal tensile and compressive stresses are 
respectively presented in Table 1 and Table 2 for different 
bentonite slurry pressures. The induced stresses in the Red 
Line tunnel lining are a function of slurry pressure since all 
other parameters in the model remain unchanged. Different 
slurry pressure values correspond to 0, 80, 90, 100, and 110 
percent of the mean in-situ vertical and lateral stresses at the 
center of tunnel. For example, as shown in Table 1 and Table 
2, the induced principal tensile stress is 35 psi and the induced 
principal compressive stress is 20 psi for Case 2 in which 
slurry pressures reach 52 psi. It is noteworthy to mention that 
all tensile stress readings correspond to the invert of the Red 
Line lining located just above the RCTC tunnels; while 
compressive stresses are measured at the crown of Red Line 
lining above the RCTC tunnels. 
 
In addition to induced stress/strains developed in the Red Line 
tunnel lining, the amount of maximum settlement/heave 
occurred at the invert of Red Line was critical for assessing 
the potential level of damage to the Red Line tunnels. The 
deformation readings at the final stage are exclusive to the 
RCTC tunneling since all displacements prior to RCTC 
construction were reset to zero. The maximum vertical 
settlements at the invert of the Red Line tunnels were 
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compared for all bentonite slurry pressure cases. Table 3 
summarizes the maximum deflection at the crown of the 
RCTC tunnels and the maximum settlement at the invert of 
Red Line Tunnels. A positive value indicates upward 
movement (heave). Figure 2 shows the profile of settlement 
along the invert of the existing Red Line Tunnels for different 
values of bentonite pressure. As observed, RCTC excavation 
can be performed with negligible settlements developed under 
the Red Line provided proper amount of slurry pressure is 
applied. Cases 2 and 3 are representing bentonite pressures 
that resulted in very small settlements in the Red Line invert. 
 
 
Table 1.  Tunneling-induced principal tensile stress at the 
















1 0 357 457 100 
2 52 357 392 35 
3 58 357 388 31 
4 65 357 384 27 
5 71 357 377 20 
 
 
Table 2.  Tunneling-induced principal compressive stress at 

















1 0 330 373 43 
2 52 330 350 20 
3 58 330 352 22 
4 65 330 355 25 
















invert of Red 
Line tunnels, 
(in) 
1 0 - 0.30 - 0.20 
2 52 - 0.07 - 0.02 
3 58 0.00 + 0.02 
4 65 + 0.04 + 0.06 





Fig. 2.  Predicted Settlement/heave along the invert of Red 
Line tunnels for different slurry pressure 
 
 
CROSSING UNDER AN EXISTING BRIDGE 
 
The proposed RCTC alignment runs between the axes 2, and 3 
of 4th Street bridge piers and columns along Flower Street as 
shown in Fig. 3. The piers and columns of the bridge are 
resting on deep foundations including piles and caissons. Soil 
movement as a result of tunnel excavation induces additional 
forces in the piles. The additional forces may potentially 










The proposed profile of the RCTC TBM-bored tunnels at 4th 
Street Bridge indicated a minimum of 2.5 feet separation 
between the future tunnels and the existing piles. It is evident 
that small separation between the bored tunnels and the 
existing piles will result in a reduction of skin resistance and 
2 
3 
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tip bearing capacity of the piles depending on the relative 
location of tunnel with respect to the pile. Any reduction in 
load carrying capacity of the piles can jeopardize the integrity 
of the supported structure.  
 
This section presents the results of advanced 3D numerical 
studies which were conducted to assess the impact of 
tunneling-induced ground movements on 4th Street Bridge 
piles. The results of a study on the effectiveness of applying 
bentonite slurry pressures in controlling the ground movement 
were compared with the case where no bentonite slurry was 
applied. 
 
The tunneling excavation causes relative axial and lateral 
deformations in piles located close to the tunnel. The 
maximum lateral deformation in the pile occurs about the 
depth of the tunnel’s springline as the surrounding soil 
medium converges toward the center of the tunnel. As detailed 
in Chen et al. (1999), the vertical soil movement above the 
tunnel’s springline generally is downward and tend to impose 
negative skin friction on the pile, causing settlement and 
possible reduction in the pile load-carrying capacity; however, 
the vertical soil movement below the tunnel’s springline is 
upward and will cause pile heave. As a result of pile 
deformation, additional axial force and bending moments will 
be induced in the piles. The key factor in pile’s response and 
induced forces is the ratio of pile length to the tunnel cover 
depth. The pile behavior is rather different for long piles (piles 
whose tip is below the tunnel’s springline) and short piles 
(piles whose tip is above the tunnel’s springline) because 
maximum soil movements occur about the tunnel springline. 
In theory, piles in the vicinity of tunneling excavation 
experience bi-axial moments in both tunneling direction and 
transverse direction due to deformations resulted from 
tunneling. These two components of moments can be 
controlled through pressurizing the face and injecting 
bentonite slurry through the shield.  
 
The forces induced in piles as a result of RCTC tunnel 
excavation were calculated from the finite element model and 
added to the existing service forces in the piles. Service forces 
are due to the dead load of the super-structure and traffic 
loads. Additionally, a lateral load equal to 10% of vertical load 
was considered at the bridge’s deck level to account for lateral 
seismic loads. Analyses were performed for two cases, namely 
base case and controlled case. In base case no bentonite slurry 
pressure was considered; while in controlled case bentonite 
slurry pressure was injected through the TBM shield to limit 
excavation convergence and consequently mitigate the 
adjacent piles disturbance. In both cases, TBM face was 
pressurized. 
 
In following, the results are presented and discussed for 
settlement of pile-caps as well as forces developed in all pile 
groups. It is noteworthy to distinguish piles belonging to pile 
groups of 3A and 2D in interpreting the results. Pile axis 
designations are shown in Fig 3. Piles in pile group 3A are 
relatively shorter than piles in the rest of pile groups. They 
extend only to the tunnel springline elevation; however, piles 
in other pile groups at least extend about the invert of the 
tunnel or beyond. Furthermore, piles in pile group 2D have the 
minimum separation from the tunnel.   
 
Pilecap settlement and pile forces for base case 
 
The analysis results including settlement experienced under 
pile-caps, deformation in piles, and forces developed in piles 
were evaluated in this section for the base case where no 
bentonite slurry pressure was applied. 
  
Settlements of pile-caps measured less than tenth of an inch at 
the conclusion of the analysis. The differential settlement of 
pile-caps was not an issue of concern, since settlement values 
were quite uniform. Magnitudes of total deformation of piles 
at the final stage were small and less than tenth of an inch. The 
largest deformation observed in pile group 3A with shortest 
piles. Figure 4 shows the magnitude of pile deformations. 
 
The axial force, and bending moment in pile group 2D are 
shown in Fig. 5, and Fig. 6 respectively. Piles in pile group 2D 
are rather long piles distinguished with the least separation 
from the tunnel. The induced axial force and bending moment 
for base case with no bentonite slurry pressures are presented 
in Table 4. The final forces induced as a result of tunneling 
will permanently remain in the piles. 
 
 

























2A 108.0 287.6 3.40 41.42 
3A 115.5 167.3 3.81 48.44 
2C 137.6 276.0 6.42 24.41 
3C 135.5 290.2 9.03 28.04 
2D 107.2 300.2 5.43 32.22 




The bending moment reported in Table 4 corresponds to the 
bending moment associated with pile deformation transverse 
to the tunneling direction. To assess the impact of RC 
tunneling on structural integrity of piles, combined effects of 
final axial force and bending moment were checked with 
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Fig. 5.  Axial force in pile group 2D after construction of 








Fig. 6.  Bending moment in pile group 2D after construction of 




Pile-cap settlement and pile forces for controlled case 
 
The ground convergence, pile cap settlements and induced 
forces in the piles can be controlled via applying pressurized 
bentonite slurry through the shield. By increasing the 
bentonite pressure, the tunnel convergence, pile disturbances, 
and ground settlement will decrease. Theoretically, there is a 
pressure at which the forces developed in piles as a result of 
tunneling will be minimal. In this section, the analysis results 
for controlled case are discussed. In the controlled case, 
bentonite slurry was injected through the TBM shield. The 
value of applied pressure was considered as the mean of in-
situ vertical and horizontal stresses at the tunnel centerline 
elevation. 
 
The induced axial force and bending moment for controlled 
case applying bentonite slurry pressure are presented in Table 
5. All induced forces were mitigated as a result of injecting 
bentonite slurry. Comparing the results of controlled case with 
those of base case, showed that pile cap total movements and 
pile deformations were alleviated by a factor of 2 to 3 as a 
result of injecting pressurized bentonite slurry. The reduction 
effects on pile-cap settlements were more pronounced.  
 
 

























2A 108.0 205.7 3.40 21.33 
3A 115.5 109.8 3.81 25.11 
2C 137.6 194.0 6.42 18.24 
3C 135.5 199.2 9.03 15.89 
2D 107.2 221.7 5.43 17.19 







Structural integrity of piles was investigated for combined 
effects of axial forces and bending moments. In order to check 
the combined effects of axial force and bending moments, 
axial force-bending moment interaction diagram was 
developed for the pile cross sections. In the as-built record 
drawings obtained by the project, piles were shown as 26 inch 
diameter circular section. In design record drawings, it was 
required for piles to be reinforced at least for the top 20 ft; but 
no reinforcement was required further below. Maximum axial 
force and bending moments occurs about the tunnel springline. 
Tunnel springline is almost 30 ft down the pile height. As 
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such, interaction diagrams were developed for plain concrete 
section. 
 
Figure 7 shows the ultimate axial and bending moment pairs 
observed in each pile group for the base case with no bentonite 
pressure. The ultimate factored forces were obtained by 
applying a uniform load factor of 1.5 to the results obtained 
from analysis. As observed, the order of axial force in piles is 
about the same except for piles in pile group 3A. Based on 
interaction diagram, the largest demand-to-capacity ratio 
belongs to pile groups 2D and 3D. The demand-to-capacity 
ratio is around 0.75. Figure 8 depicts the ultimate axial force 
and bending moment pairs for the controlled case where 
bentonite slurry pressure was applied to mitigate the forces. 















Fig. 8.  Interaction diagram curve for piles in pile groups 
(controlled case) 
 
Pile load carrying capacity 
 
The load carrying capacity of piles was evaluated considering 
pile tip bearing as well as frictional skin resistance 
contributions. The forces developed did not exceed the load 





The objective of this paper is to present the methodology and 
results of comprehensive three-dimensional finite element 
analyses which were performed to assess the potential impacts 
of tunneling under an existing subway tunnel as well as 
potential impact of tunneling under a bridge. 
 
In order to assess the impact of tunneling-induced ground 
movements on the existing Red Line Tunnels and to 
investigate the possibility of raising the proposed RCTC 
tunnel vertical profile, a comprehensive parametric study was 
conducted which utilized advanced 3D numerical modeling 
and analysis for Earth Pressure Balance (EPB) TBM driven 
tunneling. The parametric study of calibrated TBM bentonite 
pressure was conducted to demonstrate the effectiveness of 
this measure to mitigate the impacts of tunneling and control 
ground movements. This study has demonstrated that the 
predicted tunneling-induced ground settlements under the 
invert and the stresses/strains in the lining of the existing Red 
Line Tunnels can be effectively controlled by calibrated TBM 
tunneling. Therefore, it was recommended to raise the 
proposed tunnel vertical profile to within a quarter of the 
tunnel diameter (about 5 feet) separation from the existing Red 
Line Tunnels. This recommendation would result in a 
reduction in the depth of the cut-and-cover excavation for the 
proposed neighboring stations and consequently, would reduce 
the cost of construction for these stations. 
 
The results of comprehensive tridimensional finite element 
models to assess the impacts of boring RC tunnels on the 
foundations of existing 4th street bridge were discussed and it 
was shown that the forces developed in the existing piles as a 
results of RCTC tunneling can be safely sustained. It was 
shown that piles can safely withstand the additional forces due 
to tunneling via checking the structural integrity of piles as 
well as the load carrying capacity of piles. The tunneling-
induced forces in the piles can be further mitigated via 
applying bentonite pressure throughout the shield. Also, the 
deformation of piles and settlements experienced under pile-
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